This study examines the control of the residual stress in resistance spot welds by controlling the electrode force profile during the holding time. To examine the residual stress, numerical simulations of spot welding were performed. First, the effect of the electrode force value during the holding time on the residual stress distribution was investigated. The results show that an increase in the value of the electrode force tends to reduce the tensile residual stress. Second, the effect of the time duration of the applied electrode force on the residual stress distribution was investigated. The results show that it is important to apply the electrode force during the transformation to reduce the tensile stress. Finally, as an example, a controlling electrode force profile was proposed that reduces the tensile residual stresses in spot welds. The results indicate that the residual stresses in the spot welds can be reduced by increasing the electrode force during cooling and by applying the electrode force during the transformation.
Introduction
In recent years, the application of high-strength steel sheet to automobile structural components has been promoted to reduce body weight and improve fuel efficiency. Now, high-strength steel sheet is being used extensively for automobile bodies.
Resistance spot welding is a common joining method used for assembling steel sheets. To use high-strength steel sheet in automobiles, it is necessary to ensure the strength of its spot welded joints. However, the joint strength of high-strength steel sheet is not as high as one might expect because of certain characteristics of spot welds. It has been reported that the residual stress, one critical characteristic of spot welds, influences the joint strength [1] [2] [3] . Therefore, it is important to evaluate and control the residual stress in spot welds to increase the joint strength of high-strength steel sheet. Therefore, some provisions have already been reported that focus on the current condition 4) . However, there have been few studies on provisions that focus on the force condition 5) .
In this study, the residual stress in spot welded high-strength steel sheet was investigated using a numerical simulation of spot welding 6) . Moreover, with a focus on the force condition, the effect of the electrode force profile on the residual stress in spot welds was examined in an attempt to control the residual stress in spot welds. Figure 1 shows the model used for finite element (FE) analysis. An axisymmetric model with a restrained upper electrode edge was used to simulate resistance spot welding. The sheet sizes are shown in the figure; the sheet was 1.6 mm thick and 62.5 mm wide. The electrode diameter was 6.0 mm, and the electrode curvature was 40 mm. Figure 2 shows the finite element model of the spot welded area. The element size in the weld area was 0.1 × 0.2 mm. The physical and mechanical properties same the previous research were used 6) . Moreover, as transformation properties, martensitic transformation was given by the equation of Koisten-Marburger 7) . M s point was set to 405ºC, and transformation plasticity was considered. Therefore, in order to reduce these tensile stresses, a welding condition that controls the force profile was applied. Figure   5 shows a schematic illustration of the electrode force and current profiles. In this study, in order to focus on the effect of the electrode force profile during the holding time on the residual stress, the same current profile was used for all conditions. Moreover, the same force profile before and during welding (shown as a bold broken line in the figure) was also used for all conditions. The force profile during the holding time . Therefore, the effects of these three parameters on the residual stresses in the nugget and nearby the edge of the sheet separation were investigated. In this paper, the effects of (a) and (b), which obviously influence the residual stress, are shown.
Numerical simulation

Fig. 5 Schematic illustration of controlling factors of electrode
force profile during the holding time.
Effect of the electrode force value during the holding time
In this section, the effect of the electrode force value during the holding time on the residual stress was investigated. Figure 6 shows the electrode force profile with an electrode force value from 5.5 kN to 2.5 kN based on the base condition, which was 3.5 kN. To investigate the cause of this, the stress history at the center of the nugget during spot welding is discussed. Figure 8(a) shows the -direction stress history at the center of the nugget for each condition. As shown in the figure, when the applied electrode force changed, the stress history also changed. Increasing the applied electrode force value tended to reduce the tensile stress. For example, in the case of 5.5 kN, the tensile stress was reduced after changing the electrode force, and finally, the residual stress was reduced. However, in the case of 2.5 kN, the tensile stress reduction at the transformation decreased compared with the other conditions, and finally, the residual stress was increased compared with the result of the base condition. Now, the factors that influence the stress reduction at the transformation include the transformation expansion and the transformation plasticity. Therefore, to investigate the effects of these factors on the behavior of the stress history, the conditions that do not consider the transformation plasticity were used. The results are shown in Fig. 8(b) . The stress history that does not consider the transformation plasticity is shown as "No-TP." As shown in the figure, in the case of 5.5 kN, the transformation plasticity influences the tensile stress reduction at the transformation. However, in the case of 2.5 kN, focusing on the tensile stress reduction at the transformation, the transformation plasticity does not have an influence. Therefore, in the case of 2.5 kN, the tensile stress increased compared with the result of the base condition in Fig. 8(a) . Also, in the case of 5.5 kN, residual stress reduction was achieved by tensile stress reduction when changing the electrode force and the effect of the transformation plasticity. -direction stress history at the center of the nugget when varying the value of the electrode force.
Effect of the electrode force application time during the holding time
In this section, the effect of the electrode force application time during the holding time on the residual stress was investigated. To investigate the cause of this, the stress history at the center of the nugget during spot welding is discussed. 
Proposing an electrode force profile to reduce the residual stress
Based on the abovementioned results, in this section, a controlling electrode force profile was proposed to control the residual stress in spot welds. Furthermore, the effect of the timing of increasing the electrode force (shown as (c) in Fig. 5 ) on the residual stress was also investigated. It is known that it is important to increase the electrode force until the transformation, and if it is either timing until transformation, the resulting stress reduction does not change significantly. Figure 12 shows the base force profile and the proposed force profile intended to reduce the tensile residual stress. The proposed force profile shows a 0.48 s holding time, and the electrode force is increased to 7.5 kN 0.12 s after the current is applied. 
Conclusions
In this study, the effect of the welding condition on controlling the residual stress in resistance spot welds was investigated by focusing on the electrode force condition during the holding time. The results provided information concerning the use of the electrode force profile to control the residual stress in spot welds. Moreover, as an example, an electrode force profile that can reduce the tensile residual stresses in the nugget and nearby the edge of the sheet separation was proposed.
